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ABSTRACT

The Aerospace Hypersonic Shock Tunnel is
described along with an initial calibration at
flow Mach numbers of 12, 14, 17, and 18. Room
temperature helium is used as the driver gas.
Efforts to drive the shock tunnel with combus-
tion heated helium have been made, and these

experiments are also described.
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I. INTRODUCTION

The Aerospace, 66.8 in.-diameter, combustion-driven shock tunnel has been
installed; initial calibration and some testing have been accomplished. Con-
tained in this report is a brief description of the shock tunnel, a discussion
of the initial calibration with cold helium as the driver gas, including a
description of the gauge calibration procedure, and finally an accounting of
the efforts to produce controlled combustion in the driver in order to heat

the helium driver gas. A more complete description of the shock tunnel, its

operation, and final goals is contained in Reference 1.

II. THE SHOCK TUNNEL FACILITY

The shock tunnel consists of three major components: the driver or high-
pressure section, the low-pressure or driven section, and the flow nozzle-
dump tank. These three se,ments are depicted in Figures 1, 2, and 3,
respectively. The driver and driven sections are separated by a diaphragm,
which, when ruptured, permits the establishment of a shock wave that travels
down the driven section. The shock compresses and heats the gas behind it.
After the shock is reflected from the downstream end of the driven section,
the gas is (ideally) brought to rest during a second stage of heating and
compressing. It is this now stagnant hot gas behind the reflected shock wave
that serves as the supply gas for the blow-down tunnel connected to the end
of the shock tube. A thin plastic diaphragm initially separates the driven
section from the nozzle, but this is broken when the shock is reflected from
the end wall of the tube. Hence, after an initial starting time, flow is estab-
lished in the nozzle. The flow Mach number depends on the conditions in the
driven tube behind the reflected shock and on the ratio of the nozzle test

section area to the throat area.
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(a) Exterior View

(b) Interior View Showing Nozzle
Cone and Model Support

Figure 3. Dump Tank, Hypersonic Shock Tunnel
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A tailored (Ref. 2) configuration is employed in the shock tube; that is, the
gas in the driver is tailored in such a way that the velocity of sound in the
shocked gas in the driven section is the same as that of the expanding driver
gas. Hence, the reflected shock wave moving upstream does not interact at
the interface between the two gases. As a result, the testing time at the end
of the driven section is limited only by the arrival of the rarefaction wave

reflected from the upstream end of the driver.

III. TUNNEL CALIBRATION WITH ROOM TEMPERATURE HELIUM

The driver chamber of the shock tunnel is 20, 09 ft long with an inside diam-
eter of 3.0 in. The driven section, including the adapter sections at each
end, is 34.0 ft long, also with a 3.0-in. inside diameter. Nozzles with
throat diameters ranging from 0.040 to 1.0 in. and test sections with diam-
eters of 66. 8, 51.8, 35.4, and 22.4 in. provide the tunnel with a wide variety
of flow Mach and Reynolds numbers.

Using cold helium as the driver gas, a series of measurements of the tunnel
pitot pressure was made for throat diameters of 0.5, 0.75, and 1.0 in. and
test section diameters of 66. 8 and 51. 8 in. During the measurements, the
reflected shock pressure at the end of the shock tube was also observed.
These two measurements, together with the assumption of chemical equilib-
rium in the gas in the nozzle, provided the Mach number and Reynolds
number of the gas in the test section. Since a pitot rake was employed to
measure the total pressure, some estimate of the tunnel flow uniformity and

displacement layer could also be obtained.

For about 6000 psi He in the driver, which corresponds to a diaphragm
pressure ratio of 400 when the diaphragm bursts, the shock Mach number
near the end of the driven section is about 4.3. This corresponds to a

reflected shock pressure ratio of 134. Since M' = 4, 3 is somewhat beyond

-5-



Figure 4. Pressure Behind Reflected Shock
Wave at End of Shock Tube

Top record at end wall; bottom record
1.56 ft upstream from end wall, Sweep
time 10 msec.
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the tailored Mach number, some interaction occurs between the reflected
shock wave and the gas interface. As a result, the value of Pg remains con-
stant only a short time and then rises to new values as waves arrive back at
the gauge after the interaction of the shock and the interface (see Refs. 3
and 4). A recording of Pg as a function of time is shown in Figure 4. From
the new pressure value, the temperature can be computed by assuming an
isentropic compression from the condition predicted by the shock Mach
number to the final pressure measured. Unlike the pressure records
obtained in the previous Aerospace shock tunnel (see, for example, Fig. 7,
Ref. 5) according to which the pressure became quite steady for about four
milliseconds, the records for the present facility indicate that the pressure
continues to climb. This is due to the shock wave attenuation accompanying
the much longer driven section (136 diameters as opposed to 80 diameters
employed previously). The increased testing time of nearly eight milli-

seconds is also due to the longer driver and driven sections.

The flow Mach number and the Reynolds number for the conditions examined
are given in Table 1, and the Mach number profile is shown in Figure 5. As
shown in Table 1 and Figure 5, a flow with a Mach number variation of no

more than 3. 6 percent is obtained over a core 36 in. in diameter for M = 12,

14, and 17. This is large enough to accommodate models 24 in. wide.

Table 1. Mach Number and Reynolds Number Capabilities
of Aerospace Cold Helium Driven Shock Tunnel

M Re/in. (in. 1) A/ A%
12.2 18000 1940
14.4 11000 3940
17.1 8250 7740
18.3 5700 15700
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Some comment should now be made about the procedures employed for cali-
brating the gauges used in the shock tube and in the shock tunnel. In the
shock tube, only the gauges measuring the reservoir pressure are calibrated.
These are SLLM quartz piezoelectric gauges of such construction and insula-
tion as to permit static preliminary calibration using an Ashcroft, 0-5000 psi
dead-weight tester. For dynamic calibration, the gauge is inserted in the
shock tube, and, with the throat blocked off, the gauge response is observed
during a firing. The value of the output of the gauge as a function of the
pressure determined from the measured shock Mach number is recorded and
compared with the value obtained from the dead-weight tester. These

results are shown in Figure 6. Since the gauge is used to make a dynamic
measurement, it was concluded that only the dynamic calibration results

should be used in determining pressure and temperature in the shock tunnel.

Barium titanate and lead zirconate ceramic element gauges manufactured by
the Atlantic Research Corporation after a design developed at the Ballistic
Research Laboratory (Ref. 6) are used in recording the pitot pressure in the
tunneltest section. These gauges are calibrated atpressures ranging from 2 to
800 mm absolute in a calibration shock tube. In addition, a calibration is
accomplished using a modified dynamic loudspeaker driver manufactured by
Photocon Research Products. This driver can develop high pressures in a
small cavity with reasonably amooth frequency response characteristics up
to about 4000 cps. With the gauge to be calibrated coupled to the driver by a
small cavity, rms pressures of up to 1/20 atm (164 dB above 0. 0002
dynes/cmz) can be developed on the pressure gauge. The dynamic loud-
speaker is calibrated using a Bruel and Kjaer microphone as a standard.
Electrical power requirements for the system are small. The results of

the two methods of calibration agreed within the accuracy of the measure-
ments. Since the dynamic loudspeaker driver method seemed to be the
easiest and quickest, it was decided to use this method generally and make

occasional checks on the calibration shock tube.
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After the pitot pressure gauge is calibrated, it is installed in a model and
thus is remote from the amplifying and recording system. Because of
variations in the gain of the system, measurement of the voltage signal
generated by the transducer is difficult. One method of determining the
system gain is to insert a small known voltage from an external generator
in series with the transducer and to observe the resulting output at the
recording system. Thus, the gain of the system including all the cables is
determined. The gauge-generated signal can then be computed from the
known gain of the system and, with the calibration data for the gauge, the

pressure determined.

IV. COMBUSTION DRIVER EXPERIMENTS

The combustion driver chamber is designed for a working pressure of

30, 000 psi with an ultimate strength of 165, 000 psi. At initial charge pres-
sure of 4000 psi of stoichiometric hydrogen and oxygen with 75 to 80 percent
helium diluent, the pressure after combustion is expected to be in the neigh-
borhood of 30, 000 psi. It is possible that, in the event of detonation, the
pressure will match the ultimate strength of 165, 000 psi.

A fill tube of 1/2-in. diameter i8 connected to the gas inlet line at the up-
stream end of the driver and extends the length of the driver. Along the
length of the fill tube are openings increasing exponentially in size with the
distance from the gas inlet point. In this way, the gas is expected to flow

into the driver uniformly along its length.

It was planned to use a glow wire technique employed by Convair (Ref. 7) to

initiate the reaction in the combustion experiments. According to this tech-

nique, a glow wire is stretched along the axis of the tube and, using ordinary
utility-service power, is slowly heated to the initiation temperature of the

gas mixture. In our system, we used a palladium-clad aluminum wire
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(a) Constant Volume Test

(b) Detonation Occurring During Constant
Volume Test, Shattering Diaphragms

Figure 7. Combustion Driver Tests )

-12_



et

(pyrofuse wire), which alloys exothermally when heated to the alloying tem-
perature and produces a self-sustaining reaction. A Norwood strain-type
pressure gauge rated at 60, 000 psi is used to measure driver gas pressure

during the reaction.

To date, some 25 firings have been made with the driver section either
blocked off or left open to the driven section. In addition, some tests were
made that were intended as closed-driver (i. e., constant-volume) tests but
that became open tests when the blocking diaphragms were shattered by a
strong detonation. Attempts to produce a smooth combustion of the diluted
hydrogen-oxygen mixture met with varying degrees of success. The best
example of these efforts was a closed-volume test, the results of which are
shown in Figure 7a. The concentrations of 02, Hz, and He used in this test
were 9. 6 percent, 15. 8 percent, and 74. 6 percent, respectively. (This
mixture actually had excess oxygen.) According to the pressure record, the
pressure reached ~6000 psi. When this test was repeated, however, the
diaphragms shattered as a result of the detonation pressure,as indicated in
the record of Figure 7b. In addition, there was a negative phase in the

pressure record that represented a pressure much below absolute zero.

Current and voltage records of the power delivered to the wire combined
with the pressure record indicate that, for a loading pressure of 1000 psi,
there is a delay of from 10 to 20 msec before the reaction is initiated. When

the loading pressure is 600 psi, the delay is about 60 to 80 msec.

The suspicion that the slowly heated wire could initially have a non-uniform
temperature distribution was confirmed by high-speed movies of the wire
heated in air. It was noted that the wire almost invariably became luminous
at a single point, and that it took from 10 to 20 msec before a more or less
uniform distribution of hot spots appeared along the wire. This simply
means that, if initiation occurred at one point because the wire heated there
first, then the wave originating at that point could reach the gas in any other

part of the driver before the wire there had reached ignition temperature.
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Hence, the reaction in the gas could attain detonation before any other reac-
tions were initiated. However, the reason for using the wire was to ignite
the gas at a large number of points simultaneously so that no unreacted gas
path would exist in which a detonation wave might develop.

Series of short lengths of pyrofuse wire spaced either 4 it or 2 ft apart and
connected by lengths of No. 12 wire were made to ignite simultaneously in
less than 300 pusec, the resolution of our high-speed camera. It was decided
to use series like these to touch off the reaction at as many points as seemed
necessary. Initial attempts with an arrangement of 5 short lengths 4 ft apart
and 2 ft from each end, and then attempts with lengths 2 ft apart and 2 ft from
the ends, produced the same results as did the long strand of wire.

At present, the plan is to use a capacitor discharge to initiate a wire made of

tungsten rather than pyrofuse. The assumption is that the capacitor discharge

circuit will dump the energy into the wire so fast that there will not be .time

enough for the non-uniform spots to heat in an appreciably different manner )
from the rest of the wire. The reacting pyrofuse is to be eliminated because

it introduces an additional perturbation (the wire reaction itself travels along

its length), the effects of which are not known.

Some suspicion has been cast upon the behavior of the pressure gauges used
to measure the driver reacting gas pressure. Particularly suspect is the
negative phase of the record. The gauges are being re-calibrated, and, in
addition, will be used to measure a gas reaction in a small chamber where
the gas mixture can be very carefully controlled and where, because of the
size of the chamber, a combustion reaction can be produced. The negative
response of the gauge may be due to thermal loading. A shield against both
conductive and radiative heat transfer is to be provided for the gauge. After
these changes and tests have been accomplished, it is hoped that an improved

combustion reaction can be produced in the driver of the shock tunnel.

-14-



-

REFERENCES

Whalen, R. J., "High Mach Number and Materials Research Program,
Phase I, TDR-594(1206-02)STR, Aerospace Corporation, El Segundo,
Calif. (30 June 1961), pp 132-77.

wittliff, C. E., M. R. Wilson, and A. Hertzberg, '"The Tailored
Interface Hypersonic Shock Tunnel, " J. Aero/Space Sci. 26 (4),
219-28 (1959). -

Hertzberg, A., et al, '"Modifications of the Shock Tube for the
Generation of Hypersonic Flow, ' AEDC-TN-55-15, Cornell
Aeronautical Laboratory, Inc., Buffalo (March 1955), pp 26-9.

Coppers;, J. A., "Experimental Investigation of the Equilibrium-
Interface Technique,'" Phys. Fluids 5 (7), 844-48 (1962).

Varwig, R. L., '"Stagnation Point Heat Transfer Measurements in
Hypersonic Low Reynolds Number Flows, ' TDR-930(2230-11)TN-2,
Aerospace Corporation, El Segundo, Calif. (5 June 1962).

Coulter, G. A., "Problem in the Use of Piezo- Gages for Shock Tube
Instrumentation, "' Proceedings of the Second Shock Tube Symposium,
5-6 March 1958, SWFW-_S'E-3 (Air Force Special Weapons Center,
Air Research and Development Center, Kirtland Air Force Base,
New Mexico, 1958), p. 198.

Hendershot, K. C., '"Development of a Combustion Driven Shock
Tunnel, "' Symposium on Hypersonic Techniques, 20-21 October 1960,
at the University of Denver Research Institute (Institute of Aeronautical
Sciences, New York, 1960).

-15-

E——

[FrTSE———



GIIIISSVIINA

QIATIISSVIOND
‘PIqIIO8IP OSTE 4T SJUIW ‘peqIiI28ap OS[E JI¥ SUIL
~129dX9 I8IY] pUT ‘IPTUL UIIQ FARY wWINI[IY PIJRIY ~12adxa 28943 put ‘IPTUI UIIQ IARY WINIIIY PIIRIY
UOTISHQUIOD YIlm [JUUN] AOOYS Y} JALIP 0} SIIOJFH UOVISNQUWIOD YIIM [JUUN] YIOUS IYJ PALIP O3 SIIONT
‘sed 10A12p Y3 ¥ poasn 8] winy(ay axnjmzadway ‘s®8 I9ALIP oY) s® posn sy wnyoy aunyesadway
wooy gl PUT ‘LT ‘pl ‘Z1 Jo siaqunu YO wooy 81 PU® ‘L[ ‘pI ‘ZI JO siaqunu yoep
A0[} J® UOHIRIQIED [PHIUT UR Yiim Buole paquidsap M0 I® UOIRIQI[ED [eVITUT UE YIim Buole peqrideap
81 [suun] YO0yg djuosiadiy aowdsosay ayl sy [sUUN] YooyS dtTuosiedAH aowdsozsy YL
wodaz payteseoul  (691-(S691¥0 AV I9¥IUCH) uodex payisserdun  (691-{56950 dV 2®IWOD)
(SE-€9-UAL-ASS 01-NL(1T1-0€2€)691-UAL odoy) (S€-£9-YQL-ASS 01~ NL(IT-0€2€)691 -YdL Moday
‘soqu ‘pauy “d [oz) -sntyy -pouy “d 02
‘€961 Areniqeg 17 -Bimavp T HIqoy €961 Axreniqey {2 “Srmswy ~T 3asqoy
£q peavdoad *“TIANNNL MDOHS DINOSUIdXH 4q pesedaxd ‘TANNAL MDOHS DINOSHIJAH
FDOVJISOUAV THL NO LYOdJH SNLV.LS HAOVASOYAV FHL NO LHOdIY SNLV.LS
‘ewIofeD ‘opundag 1A ‘uorgvzodion adwdsozay ‘etuzope)) ‘opundeg (A fyez0dion dsoaay
GILIISSVIONN QIIISSVTIONN
CATLISSVIONN QAIIISSVIONND
‘POqIIOSIP OSTE ST SILIWL ‘poqIIdeIp OS[E 9I¥ SIUIW
-tx2dx? 8833 PpUT ‘IPRUW TOIQ SATY WINI[OY PITeRIY -119dx2 2893 PUT ‘OPRLL UV PARY WNF[IY PIIRIY
uopsng i 3 Xd04s Iy 9Axp Ol sO5F UORNSTqUICD YA [JUUN) YDO4S Y3 SALLp O3 SO
‘w8 JeAlap oY) S¥ posn 1 winjjey sanjeraduay ‘w8 I2AIP Y3 6® posn s} wnjey sinyezadwiay
Wooy g PUT ‘LT ‘BT ‘ZI JO sIQUINU YOUR wooy 8l PWE ‘Ll ‘pl ‘ZI JO sisquunu ydwpy
201 3% UOIIRIQITED [¥1IFUT uw s Juole peqiadsep MO[ J® UOTIRIQI D TerjIul u® Yim Suoe paqridsep
s} [oWum ], Yo0qs dfuosiadiy adwdsoray ayL 1 [ouun ], ydo4g drwosiediy e>edsoioy eyl
110daa peyrsserdun  {691-(569150 AV I2'IU0D) zodaz paypssedun  (691-(S69)90 JV 3oviWOD)
(S€-£9-UAL-ASS!01-NL{11-0£2£)691 -HAL Hoday) (S€-€9-UAL-ASS'OT-NL(T1-0£2€)691-¥AL Hoday)
snyyy cpouy d oz suiy v “d {o2])
‘€961 Aavniqe g 12 ‘Frmawy T Maqoy ‘€961 L1eniqeq 12 -Brmavp T Maqod
4q pazwdexd ‘TINNNL NDOHS DINOSUAJAH 4q pasedexd ‘“JTINNAL MDOHS DINOSHIAIAH
FDOVASOYAV THL NO LHOJdHY SNLVILS FOVASOYIV FHL NO L¥Od3IY SNLV.LS
-epuaoy e ‘opunfsg |3 ‘uwoypezrodion sdedsoiey ‘ejuzopie) ‘opundeg ¥ ‘uoyseiodio) adwdsoiay
CGIALIISSVIONN TQATLISSVTON

S S L T

[T —— RS SR

e O P 13 A 8



